ABSTRACT To study individual participation in tunneling excavation, each of 27 workers (plus three soldiers) of Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae) was identiÞed with a unique marker and released in a two-dimensional arena provisioned with moistened sand, and their time budgets in excavation were recorded by a camcorder. We found that Ϸ20% of workers were excavating at any given time. Termites did not work in shifts, and only one or two speciÞc individuals tunneled continuously throughout the 4-h observation. The majority spent Ͻ1 h in tunnel excavation, and Ϸ16% of workers never excavated sand. A positive correlation was found between excavation time and workerÕs antennal segment count which refers to a workerÕs age. However, a large variation in excavation time also was recorded among workers with same antennal segment number. Thus, worker age might not be the only determining factor for tunnel excavation load in the Formosan subterranean termite.
usually the foci for studies of labor division. The task repertoire and the amount of work performed by each individual in a task are considered important in understanding the behavioral organization under these collective behaviors (Dornhaus et al. 2008) . Previous studies of collective behaviors in social insects tend to emphasize individual similarity and overlook the role of individual variance. However, recent research found that the type or frequency of tasks performed by individuals of the same temporal or physical caste of social insects can be signiÞcantly different and that some individuals were more active than others within a colony Traniello 1999, Ravary et al. 2007) . Accumulative data suggested that these highly active individuals, rather than whole group, were actually responsible for the completion of group behaviors, such as nest emigration or prey retrieval (Cole 1986; Hö lldobler and Wilson 1990; Traniello 1999, 2002) . Thus, studies on the collective behavior of social insects from an individual level have attracted increasing attention.
Tunnel excavation is a remarkable collective behavior of subterranean termites for attaining resources that are distant from their nest (Traniello and Leuthold 2000) . Environmental factors that affect the development of gallery systems include soil texture (Houseman and Gold 2003) , moisture gradients (Su and Puche 2003) , soil temperature (Ettershank et al. 1980) , and food distribution (Hedlund and Henderson 1999 , Campora and Grace 2001 , Puche and Su 2001 . The workers themselves also could cause differences in tunneling structure. The tunnels built by larger workers were linear and wider than those built by smaller workers (Campora and Grace 2004) . However, little is known about individual involvement in tunnel excavation. Robson and Traniello (in Traniello and Leuthold 2000) have described that labors were not distributed equally among workers of Reticulitermes flavipes (Kollar). By marking individual workers and monitoring their behavior, they determined that some individuals consistently performed more excavation than predicted, but no data were provided for their statement. In this study, we investigated individual worker participation and its relationship to age in tunneling excavation for the Formosan subterranean termite, Coptotermes formosanus Shiraki. Continuous recording of individually marked termites was used to quantify excavation and time budgets. The antennal segment count of termites has generally been considered as a reliable indicator of growth and molts (Raina et al. 2004 ). We used it as the reference to the termitesÕ age. The relationship between the tunneling task allocation and the age was examined.
Materials and Methods
Three colonies of C. formosanus were collected from the Þeld in Florida as described by Su and Scheffrahn (1986) and used for experiments within 2 wk. Termites were marked individually by enamel paint (The Testor Corp., Rockford, IL). Either one color or a two-color combination was painted on their abdominal tergites for identifying each individual. In each of 24 replicates, 30 termites, including 27 workers and three soldiers, each with unique color markings were released into a two-dimensional arena. The experimental arena was composed of an empty circle chamber (3.2 cm in diameter by 0.1 cm in height) as the releasing chamber provisioned with a piece of wood (1 cm by 0.5 cm by 0.1 cm) as the food, and a square chamber (4 cm by 4 cm by 0.1 cm) provisioned with moistened sand for observing tunnel excavation (Fig.  1) . A camcorder (DCR-TRV9, Sony, Tokyo, Japan) recorded activity over the arena for 4 h. Termites were deÞned as excavators when they carried sand in their mandibles inside the tunnel. The videos were checked every 30 min Þrst for counting the number of individuals involved in tunnel excavation. Then, individual movements were traced continuously throughout the observation period to calculate their time budgets in tunneling. According to their excavation time, workers were sorted into Þve groups: 1) spending no time in tunnel excavation, 2) spending less than one hour in tunneling, and 3) spending 1Ϸ2 h, 4) 2Ϸ3 h, and 5) 3Ϸ4 h in tunnel excavation.
After 4-h recording, the arenas were moved aside for follow-up observation until the excavation ceased. Termites were then transferred into 85% ethanol for antennal examination. The number of antennal segment was counted under a dissecting microscope (model SZX12, Olympus Optical Co., Ltd., Tokyo, Japan). In some replicates, termites lost their paint after being transferred into the ethanol. Seventeen out of 24 replicates were used for antenna measurement. The segment numbers of continuous excavators in 17 replicates were all measured. In other excavation time groups, half the workers were randomly chosen for counting their antennal segments. There were 268 samples.
Statistical Analyses. The average numbers of excavating termites observed every 30 min among the three colonies were compared by analysis of variance (ANOVA) (SAS Institute 1985) . Then, colony data were combined because no signiÞcant differences were found in the excavating number among colonies at any given time. The mean numbers of excavating termites observed with a 30-min interval during the 4-h observation were then compared by ANOVA for showing the time effect. FisherÕs least signiÞcant difference (LSD) test was used to separate groups at ␣ ϭ 0.05. The average numbers of termites in each excavation time group among the three colonies were also compared by ANOVA. Colony data were then combined because no signiÞcant differences were found in the number of individuals in each time group among colonies. And the mean numbers of termites in different excavation time groups were compared by ANOVA and followed by FisherÕs LSD test (␣ ϭ 0.05).
Regression analysis was used to analyze the correlation between excavation time and workerÕs antennal segment number. Wilcoxon rank sum test with normal approximation was used to compare the antennal segment count between continuous excavators and those that never excavated.
Results
Termites ceased tunnel excavation 8 Ð 86 h after being introduced into the arenas. During the Þrst 4-h observation, not all workers participated in tunnel excavation. Only approximately six individuals (Ϸ20% of the population) were excavating during the Þrst 3.5 h with a checking interval of 30 min. At the fourth hour, the number of excavating termites decreased to four individuals (Table 1) . There was no signiÞcant difference in the number of excavating termites among three colonies at any given time (Table 1 ). By timing individual movements, accumulated time spent by a worker in excavation was calculated. Within a group of 27 workers, most workers (Ϸ59% of the population) participated in excavation for Ͻ1 h, and approximately four to Þve individuals (Ϸ16% of the population) did not participate in tunnel excavation at all. However, one or two speciÞc individuals continued excavating almost for the entire period (Table 2) . In each time group, no signiÞcant difference in the number of excavating workers was found among the three colonies.
The antennal segment numbers of termites in experiments ranged from 12 to 16 segments (n ϭ 268). There was a positive correlation between excavation time and the antenna segments of workers (F 1, 266 ϭ 103.9; P Ͻ 0.0001), but the variation in excavation time was large among workers with the same antennal segment numbers (Fig. 2) . In addition, the antennal segment numbers of continuous excavators (14.6 Ϯ 0.2; n ϭ 18) were signiÞcantly larger than those of individuals never involved in excavation (13.4 Ϯ 0.2, n ϭ 35; Z ϭ 4.82, P Ͻ 0.0001).
Discussion
Termites collected from bucket traps of the type described in Su and Scheffrahn (1986) , by deÞnition, belong to foraging groups of a colony and are expected to perform foraging-related tasks. Data on the antennal segment counts and sclerotized mandibles conÞrmed that the termites we used in this study were capable of tunnel excavation (Raina et al. 2004 ). However, our results showed that not all of the supposed "foragers" participated in tunnel excavation. Approximately 16% of individuals did not perform any recognizable work related to tunneling. Because we focused only on tunneling behavior in the current study, the possibility that these "nonexcavating" individuals might be responsible for other foraging-related tasks could not be excluded. There may be other possible explanations, such as serving as the labor reserve within a group. In ants and bees, a high proportion of workers within colonies are inactive most of the time (Herbers 1983 , Cole 1986 , Schmid-Hempel 1990 , and empirical data suggest that they may act as reserve forces that begin to work when unexpected conditions occur in nests (Wilson 1983 , Breed et al. 1991 , Robinson 1992 . In addition, these nonexcavating termites may be digesting their food, so they are not active in tunneling (Evans 2006) . Further manipulative studies and a more detailed ethogram are needed to clarify the role of these "inactive" termites within the foraging groups.
Most excavating individuals participated in the task only part of the time. Approximately 20% of individuals were excavating at any given time, whereas others were staying in the release chamber. Our results showed that the excavation time was unequal among individuals, and they did not excavate in shifts. Having a limited number of excavators working at the same time may increase the working efÞciency in the conÞned space of the tunnel tip. In this study, termites were allowed to excavate only in one direction, and this may explain why only some of the group members (20%) were involved. If the number of tunnels was increased, the number of excavators in the population and in each tunnel might change accordingly.
Results on individual workload showed that most excavation work was carried out by a few speciÞc individuals, Ϸ4% of the experimental population, and this small number of individuals continued tunneling until excavation ceased. Robson and Traniello (in Table 1 . Average number (؎ SE) of termite workers observed in tunnel excavation within a group of 27 workers (plus three soldiers) every 30 min throughout the 4-h observation period in three colonies 2.21 0.04 a n ϭ 6, 10, and 8 replicates for colony I, II, and III, respectively. b Different uppercase letters within the same column indicates signiÞcant differences in the number of termites by LSD test (␣ ϭ 0.05). c Different lowercase letters within the same row indicates signiÞcant differences in the number of termites by LSD test (␣ ϭ 0.05). 15.8 Ϯ 0.8a 3.8 Ϯ 0.4b 1.9 Ϯ 0.3c 1.2 Ϯ 0.2c 138.76 Ͻ0.0001 a n ϭ 6, 10, and 8 replicates for colony I, II, and III, respectively. b Number of workers (mean Ϯ SE). Different uppercase letters within the same column indicates signiÞcant differences in the number of termites by LSD test (␣ ϭ 0.05).
c Different lowercase letters within the same row indicates signiÞcant differences in the number of termites by LSD test (␣ ϭ 0.05).
Traniello and Leuthold 2000) also reported only a subgroup of workers (Ϸ5%) of the R. flavipes were responsible for elongating the principal galleries and branches. Our study showed that many other individuals participated in excavation, but only partially. Fiftynine percent of the experimental population spent Ͻ25% of their time budget in tunneling during the 4-h observation.
Much of the variance in individual behavior within a colony is attributed to caste or age polyethism (Hö lldobler and Wilson 1990, Crosland and . In the Formosan subterranean termite, workers are the only caste that excavates, and their antennal segment number could correlate to their age. Our results showed that the antennal segment number of highly active individuals was signiÞcantly greater than that of nonexcavators. There was a positive correlation between excavation time and workerÕs antennal segment count. Thus, workerÕs age had an effect on tunneling load distribution. Older individuals had a higher probability than young individuals to become the active excavators. This is the Þrst age-related behavioral performance observed in lower termites.
A great variance in excavation time among workers of the same age also was noticed (R 2 ϭ 0.2809). Robson and Traniello (2002) also found a similar result in the prey retrieval of the ant Formica schaufussi Mayr. Our results implied that individual behavior may signiÞcantly differ among workers without either morphological or physical differences Traniello 1999, Ravary et al. 2007 ). In models of collective behavior in social insects, the behavioral repertoire and the probability of responding to external stimuli have been assumed to be uniform among workers (Buhl et al. 2005) . Our Þndings showed that this is not the case, and a model of collective behavior should include individual variation in the motivation to carry out tasks.
Studies of ants showed that some "key individuals" within a colony were more active than the others without any other recognizable differences Traniello 1999, 2002; Dornhaus et al. 2008) . These key individuals play important roles in the regulation of group behaviors. Our current study showed that usually only a single individual in each test group continued to engage in excavation throughout the entire test period, and such individuals could be equivalent to "key individuals" that drive the formation of a tunneling system. Tunneling behavior in subterranean termites is important to colony growth and development and is subject to the force of natural selection. The evolutionary advantage of relying on speciÞc highly active individuals to complete a task needs further examination.
